Interaction-induced dipoles of hydrogen molecules colliding with helium atoms: A new ab initio dipole surface for high-temperature applications JCP: BioChem. Phys. 6, 01B616 (2012) Interaction-induced dipoles of hydrogen molecules colliding with helium atoms: A new ab initio dipole surface for high-temperature applications J. Chem. Phys. 136, 044320 (2012) A theoretical study of the CX2N radicals (X = F, Cl, Br): The effect of halogen substitution on structure, isomerization, and energetics J. Chem. Phys. 136, 044316 (2012) Molecular properties via a subsystem density functional theory formulation: A common framework for electronic embedding J. Chem. Phys. 136, 044104 (2012) Statistical thermodynamics of 1-butanol, 2-methyl-1-propanol, and butanal J. Chem. Phys. 136, 034306 (2012) Additional information on J. Chem. Phys. Attention is focused on the Na ϩ •N 2 complex as part of a study of Na ϩ -containing complexes, which have been implicated in the formation of sporadic sodium layers in the upper atmosphere. The equilibrium structure is found to be linear, in agreement with previous studies. A potential energy hypersurface is calculated at the CCSD͑T͒/aug-cc-pVTZ level of theory, where the N 2 moiety is held fixed, but a wide range of Jacobi bond lengths and bond angles are sampled. This hypersurface is fitted to an analytic form and from this anharmonic vibrational separations are calculated, and compared to harmonic values. Rovibrational energy levels are also calculated from the fitted hypersurface. The best estimate of the interaction energy, ⌬E e is 2770 cm .
I. INTRODUCTION
Recently, we have been involved in a detailed ab initio study of Na ϩ -containing molecules and complexes, and have so far published results for NaO ϩ ͑Refs. 1 and 2͒, NaO 2 ϩ ͑Ref. 3͒, and Na ϩ •Rg (RgϭHe, Ne, and Ar͒. 4, 5 In addition, work on Na ϩ •CO 2 and Na ϩ •H 2 O is nearing completion, and will be published in due course. Here we focus our attention on the Na ϩ •N 2 cationic complex. The Na ϩ •X complexes (Xϭatmospheric ligand͒ have received renewed interest recently, owing to their implication in the formation of sporadic sodium layers. 6, 7 The formation of Na ϩ •N 2 complexes has been considered by a number of workers, both theoretically 6, 8, 9 ,10 and experimentally. [11] [12] [13] [14] [15] The structure of the Na ϩ •N 2 cationic complex has been studied using ab initio methods by a number of workers. Ikuta 16 optimized the geometry at the HF/3-21G level, and obtained interaction energies using the MP3/6-31G*//HF/3-21G method. An interaction energy of 7.5 kcal mol Ϫ1 was obtained, which compared favorably with the experimental value of 8 kcal mol Ϫ1 ͑Ref. 15͒. Dixon et al. 17 optimized the geometry at the HF level, with a ͓6s5 p1d͔ basis set for Na ϩ , and a triple-basis set for N, and also calculated the vibrational spectrum. The interaction energy was again calculated using the HF-optimized geometry, employing single-point CISDϩQ calculations, where the Q indicated the use of the Davidson correction. The interaction energy was calculated to be 6.74 kcal mol Ϫ1 at the highest level of calculation, which converted to an enthalpy change of 7.43 kcal mol -1 . In a study concentrating more on Cr ϩ and Co ϩ complexes, Bauschlicher et al. 18 also studied the Na ϩ •N 2 complex at the MCPF level. The basis set used included diffuse functions, optimized for Na Ϫ and Na( 2 P) rather than for Na ϩ , with the underlying basis set being a (19s13p) one, optimized for Na( 2 S); this basis set was contracted on the basis of a calculation performed on Na Ϫ ( 1 S). The interaction energy was calculated to be 7.2 kcal mol Ϫ1 . Finally, Cox and Plane recently reported the geometry and vibrational frequencies calculated at the HF/6-311G* level together with the interaction energy calculated at the MP4͑FULL͒/6-311G*//HF/6-311G* level of theory; the latter yielded a value of 9 kcal mol
Ϫ1
. It may thus be seen that there is a range of calculated interaction energies ranging from 6.7 to 9 kcal mol Ϫ1 , and that the vibrational frequencies have only been calculated within the harmonic oscillator model, at the HF level. Note also that none of the previous calculations appear to have considered the basis set superposition error in the calculation of the interaction energy.
The aims of the present work are twofold; ͑i͒ to calculate the optimized geometry, harmonic vibrational frequencies and interaction energies at high levels of theory, using an appropriate basis set; and ͑ii͒ to calculate a potential energy surface from which to extract rovibrational energy levels to assist in the experimental characterization of the complex.
II. CALCULATIONAL DETAILS
The basis sets used in the majority of the calculations were as follows: for N, the standard aug-cc-pVXZ (XϭT, Q, and 5͒ basis sets were used. For Na ϩ , we have previously shown 4 that the standard versions of these basis sets behave rather poorly for Na ϩ when correlated methods are being employed; consequently we use the basis sets reported in Ref. 4 , which have been designed to perform well for Na ϩ at the correlated level of theory, and are of the same size and type as the standard aug-cc-pVXZ basis sets. We simply refer to the use of the aug-cc-pVXZ basis set in the following. GAUSSIAN94 ͑Ref. 19͒ was used for the optimization of the geometry of Na ϩ •N 2 at the MP2/6-311ϩG(2d f ), MP2/augcc-pVTZ and MP2/aug-cc-pVQZ levels of theory; whereas MOLPRO ͑Ref. 20͒ was used for the optimization at the CCSD͑T͒/aug-cc-pVTZ and CCSD͑T͒/aug-cc-pVQZ levels of theory. Harmonic vibrational frequencies were calculated at the MP2/6-311ϩG(2d f ) and MP2/aug-cc-pVTZ levels of theory, using analytic gradients in GAUSSIAN94.
The interaction energy was calculated from the difference in the total energies of the complex and the uncomplexed moieties, and corrected for basis set superposition error ͑BSSE͒ by the full counterpoise method. In addition, single-point calculations were also performed at the CCSD͑T͒/aug-cc-pVQZ-optimized geometry, up to the CCSD͑T͒/aug-cc-pV5Z level of theory, in all cases correcting for BSSE.
Finally, thermodynamical quantities were calculated from the rigid-rotor, harmonic oscillator ͑RRHO͒ model. A potential energy surface was calculated at the CCSD͑T͒/aug-cc-pVTZ level of theory, with the N 2 bond length fixed at the optimized value obtained at the CCSD͑T͒/ aug-cc-pVTZ level of theory. The number of points calculated was 271, with the Jacobi bond distance ranging from 1.7 to 15 Å, and the Jacobi bond angle ranging from 0°to 180°. The potential energy points were then fitted to an analytical hypersurface and anharmonic vibrational spacings and rovibrational energy levels were calculated. ͑More details of these calculations are presented below.͒ Note that each point was corrected for basis set superposition error ͑BSSE͒ by the full counterpoise correction.
21

III. RESULTS AND DISCUSSION
A. Optimized geometry and harmonic vibrational frequencies
The optimized geometries at different levels of theory are shown in Table I . As may be seen the optimized geometry at the minimum was found to be a linear structure, in agreement with the previous results: a conclusion also confirmed by the potential energy hypersurface ͑vide infra͒. Recently, high-level ab initio calculations have been presented on the valence isoelectronic species Li ϩ •N 2 , which was also concluded to have a linear equilibrium geometry. 22 It seems clear from the results in Table I that the MP2 method is performing reasonably well. Also shown in Table  I are the optimized geometries reported previously; the values indicate that the HF level performs poorly for both r N-N and R Na-N , when compared to the highest levels of theory used herein. Even the MCPF calculations give a significantly longer R Na-N . Our experience 4 with Na ϩ -containing complexes suggest that it is the basis set of Na ϩ itself that is the most likely cause of this discrepancy.
Employing the CCSD͑T͒ method, the highest level of theory used, it may be seen that the optimized Na ϩ -N bond length is very similar using both the aug-cc-pVTZ and augcc-pVQZ basis sets, suggesting that the smaller basis set is close to saturation. The N 2 bond length is slightly more demanding, as is well known, but again, is close to saturation here. Note that, since the N 2 vibrational frequency is expected to be far above that of the intermolecular modes, then the N 2 vibration is decoupled from the intermolecular surface, to a good approximation ͑a similar situation arises for Ar•NO ϩ , where the NO ϩ vibration is decoupled from the intermolecular motion of the complex͒. 23 Overall, the CCSD͑T͒/aug-cc-pVTZ method is expected to produce an accurate potential energy surface for the Na ϩ •N 2 system. The harmonic vibrational frequencies were calculated at the MP2/6-311ϩG(2d f ) and MP2/aug-cc-pVTZ levels of theory in the present work. The values obtained were 1 ͑Na-N stretch͒ϭ178.9 cm Ϫ1 , 2 ͑degenerate bend͒ϭ146.1 cm
Ϫ1
, and 3 ͑N-N stretch͒ϭ2214.1 cm Ϫ1 , at the MP2/ 6-311G(2d f ) level, with the corresponding values at the MP2/aug-cc-pVTZ level being 183.7, 140.7, and 2197.0 cm
. These values may be compared to values obtained previously ͑at the HF level͒, 1 ϭ167 cm
, and 3 ϭ2743 cm Ϫ1 ͑Ref. 17͒, and 1 ϭ174 cm Ϫ1 , 2 ϭ156 cm
, and 3 ϭ2748 cm Ϫ1 ͑Ref. 6, unscaled͒. It is noteworthy that the values obtained previously at the HF level, and those obtained here at the MP2 level are very similar.
These harmonic values for the vibrational frequencies will be compared below to the anharmonic vibrational sepa- rations obtained from the fitted potential energy hypersurface, calculated at the CCSD͑T͒/aug-cc-pVTZ level of theory.
B. Interaction energies
The interaction energies, and associated basis set superposition energies, as calculated at the respective optimized geometries, are presented in Table II , where only the 1s orbital on Na ϩ was frozen. The corresponding quantities as calculated at the CCSD͑T͒/aug-cc-pVQZ-optimized geometry are shown in Table III , where all electrons were correlated. As may be seen from the results in Table II , the MP2/6-311G(2d f ) interaction energy is significantly lower than that obtained at the higher levels of theory. Interestingly, the MP2 and CCSD͑T͒ results obtained using the augcc-pVQZ basis set are very similar to each other, indicating that it is the quality of the basis set that is the more important factor for Na ϩ •N 2 . The results in Table III indicate that at a geometry calculated at a reasonable level of theory, the interaction energy obtained using different levels of theory is very similar. The most important conclusion from Table III is that at the CCSD͑T͒ level, the values obtained using the aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z level are very similar ͑the largest difference is 53 cm
Ϫ1
, which is Ͻ2% of the interaction energy͒. This indicates that a potential energy hypersurface calculated at the CCSD͑T͒/aug-ccpVTZ level should be reliable for the calculation of the lowlying energy levels.
Our most reliable value for ⌬E e (Na ϩ •N 2 ) is that calculated at the CCSD͑T͒/aug-cc-pV5Z//CCSD͑T͒/aug-cc-pVQZ level of theory, 2766.8 cm Ϫ1 (7.91 kcal
), a value not too dissimilar to some of the previously reported values. This may not be compared directly to the experimental values, since experiments tend to determine the enthalpy. The binding enthalpy and ⌬H f 298 for Na ϩ •N 2 are calculated below.
Note that the BSSE is Ͻ9% of the interaction energy, which is acceptable. As the basis set size increases, the total BSSE decreases, as expected, but note that for Na ϩ , the BSSE increases as the basis set increases-contrary to expectations. This point has been discussed previously. Table IV . The potential was then substituted into the wellknown, body-fixed Hamiltonian in atom-diatom scattering coordinates. 25 The eigenvalue problem was then solved by diagonalizing the Hamiltonian as a matrix over the basis functions, which were expressed as products of the standard ͑analytic͒ ''free rotor'' functions and numerical eigenfunctions of the ''pure stretching'' Schrödinger equation, characterized by V(R,␣). The resulting eigenvalues correspond to the anharmonic vibrational frequencies, and are given in Table V .
These values are expected to be more reliable than the harmonic values obtained above ͑and, indeed, are at a higher level of theory͒. Note that the interaction between the intermolecular vibrations and the N-N stretch has been neglected in this treatment; however, given the large magnitude of the latter, relative to the intermolecular ones, this interaction is unlikely to be significant ͑at least in the low-energy region͒.
A comparison between the two sets of harmonic and anharmonic 1- . These values indicate that anharmonicity plays a much greater role further up the potential well, as expected. The conclusion is that anharmonicity is relatively unimportant if the complex only has the lowest few vibrational levels populated ͑as might be expected if it is formed from lowenergy collisions/reactions͒, but may well be important if the complex is formed from either high-energy collisions, or via photoionization.
Note that, from the fitted form of V(R,␣) it is possible to determine the position of the minimum of the hypersurface. The minimum of V(R,␣) was calculated to be at R Na-N ϭ2.4710 Å, which compares to the optimized value for R of 2.4460 Å at the CCSD͑T͒/aug-cc-pVTZ level of theory ͑see Table I͒. The small difference in these two values is due to the point-by-point ͑a priori͒ correction for BSSE in the calculation of the hypersurface, but a single-point correction of the interaction energy at the calculated minimum ͑a posteriori͒, and the error in the fitting itself. D e (ϭ⌬E e ) is derived as 2699 cm Ϫ1 from the fitted hypersurface, which compares well to the D e value of 2712 cm Ϫ1 ͑Table II͒. Also from the fitted hypersurface, it was possible to calculate the position of the T-shaped saddle point, which was found to be at R Na-N ϭ2.8886 Å, and at an energy of 2198 cm Ϫ1 above the bottom of the well. 25 but discarding the off-diagonal Coriolis terms. The diagonalization was performed both variationally, and perturbatively with the perturbation treatment having been described previously in Ref. 27 . The perturbation approach yields zeroth-order energies, and corrections, explicitly in terms of the pertinent quantum numbers, and thus give ͑unlike the variational calculation͒ direct assignment of the calculated states. Often, only the adiabatic approach is employed; however, here this is used as the zeroth order approximation in the perturbation treatment. The variational treatment is more numerically robust; however, it does not give a direct assignment of the quantum numbers of the calculated levels, as does the perturbation treatment. As may be seen from Table V, all three approaches give similar energies, but the variational ones are expected to be the most reliable, with the assignments coming from the perturbational calculations. Note that because Na ϩ •N 2 is linear, then the bending levels contribute angular momentum along the internuclear axis, and consequently, in principal it is necessary to specify the e/o parity, as well as the standard J and K quantum numbers, which are appropriate for the bent form of the complex. As it turns out, the barrier to internal rotation is too high for the parity splittings for the low energy levels of interest here to be determined. Discussion on these quantum numbers and specifically the correlation between energy labels of linear and bent forms of quasilinear molecules has been presented previously. 26, 28 The rotational levels in Table VI should prove useful for characterization of Na ϩ •N 2 , either via microwave spectroscopy, or high-resolution photoelectron spectroscopy.
D. Rovibrational energy levels
E. Binding enthalpy and enthalpy of formation
The enthalpy of formation was calculated within the RRHO approximation for the linear equilibrium geometry. In this case, the rotational contribution to the enthalpy for Na ϩ •N 2 was just taken as the classical RT term. The vibrational contribution was calculated by employing the harmonic vibrational frequencies obtained at the MP2/aug-ccpVTZ level. As discussed in the previous subsection, the effects of anharmonicity are quite small in the present case. In addition, the intermolecular vibrational frequencies have a significant magnitude, and consequently, their impact on the vibrational partition function is quite small. Thus, the use of the harmonic oscillator approximation here is not expected to lead to a significant error. Regarding the rigid rotor approximation, whether this is a good approximation or not depends on the ''floppiness'' of the molecule. As noted above, the position of the T-shaped transition state was found to be significantly above the minimum energy structure and in addition the binding energy of the linear structure is Ͼ2700 cm Ϫ1 ; consequently, we conclude that any effects of internal rotation, or floppiness, are going to be small ͑kT at 298 Kϳ200 cm
Ϫ1
). In addition, in the upper atmosphere, where Na ϩ •N 2 plays its role in the sporadic sodium layer formation, only the lowest internal energy levels are expected to contribute, so again, the calculated enthalpies are not expected to be affected greatly by the simplified approaches used here. a Note that the subsequent energy levels given in the respective columns, are relative to the pure vibrational energy levels. reactions indicate that the levels of theory used are satisfactory, with the basis set effect being close to saturation, and the effect of higher-order excitations ͑triples͒ being rather small: these two effects are well within the error range quoted. The binding enthalpy obtained is 7.7 kcal mol Ϫ1 , which compares extremely favorably with the experimental value of 8 kcal mol Ϫ1 ͑Ref. 15͒, and the previous ab initio value of 7.43 kcal mol Ϫ1 ͑Ref. 17͒.
IV. CONCLUSIONS
The equilibrium geometry and interaction energy of the Na ϩ •N 2 complex have been calculated at high levels of theory. The complex has a linear equilibrium geometry, with a Na ϩ •N bond length of 2.446 Å, and a N-N bond length of 1.097 Å. The most reliable value of the interaction energy, ⌬E e , is calculated to be 2770 cm
Ϫ1
. A large grid of potential energy points has been calculated at the CCSD͑T͒/aug-cc-pVTZ level of theory and fitted to an analytic function, from which anharmonic vibrational separations, as well as rotational energy levels have been calculated. It was found that for vibrational energy levels close to the potential minimum, anharmonicity was quite small. The energy levels presented herein, together with the potential energy hypersurface should prove useful to experimental characterization of the Na 
